An ultrasound-assisted extraction and chromolithic LC method was developed for simultaneous determination of glycyrrhizic acid (GA) and glycyrrhetinic acid (GL) from the root extract of Glycyrrhiza glabra using RPLC-PDA. The developed method was validated according to the International Conference on Harmonisation. The method exhibited good linearity (r 2 >0.9989) with high precision and achieved good accuracies between 97.5 to 101.3% of quantitative results. The method is more sensitive and faster (resolved within ten minutes) than the earlier developed methods using normal LC columns.
High-performance liquid chromatography (HPLC) is one of the most successful separation techniques. It is extensively used in the chemical and pharmaceutical industries for quality control because of its high selectivity, efficiency and speed [1, 2] . During the last decade, its sensitivity has been further enhanced by highly improved column packing materials with respect to pore size and particle shape, size, surface and bonding chemistry [3] . Highly reproducible stationary phases with shorter column length (up to 5 cm) and diameter (up to 2.5 µm) are available now. The shorter column length and smaller particle size generates ca. 8000-20,000 theoretical plates, resulting in efficient and fast separations with improved detection limits [4] .
Silica-based monolithic HPLC columns contain novel chromatographic supports in which the traditional particulate packing is replaced by a single, continuous network (monolith) of porous silica. The main advantage of such a network is decreased back-pressure (due to uniform macropores) throughout the column. This allows high flow rates, hence fast analysis, which is unattainable with traditional particulate columns. They are operated at high flow rates and maintain high efficiency with a very flat H/u curve comparable with a particulate material size smaller than 3 µm. The resulting short retention time makes them especially interesting for high-throughput applications [5, 6] .
Glycyrrhiza glabra (licorice) is a medicinal herb with a sweet root, the main active compounds of which are glycyrrhizic acid (GA) and glycyrrhetinic acid (GL). The aglycone of glycyrrhizic acid is 18βglycyrrhetinic acid, formed by hydrolysis or metabolism, which imparts sweetness to the root. Glycyrrhizic acid and its derivatives are reported to have anti-inflammatory, anticariogenic, amphiestrogenic, analgesic, antiallergic, antiarthritic, antiasthmatic, antibacterial, hepato-protective and anticancer activities [7] [8] [9] [10] .
Several analytical methods have been reported for the determination of GA and GL in different matrices like commercial products and biological fluids [11] [12] [13] [14] [15] [16] [17] [18] . Most of these methods are based on reversed phase HPLC with either UV [11, 13, 15, 16, 19] or fluorometric detection [16] , in which GA and GL are analyzed individually, except where simultaneous determination of these compounds was reported by column switching [15] , gradient elution [18] and isocratic methods [20] . Capillary zone electrophoresis [21, 22] , UV spectrophotometry [23] and HPTLC [24] [25] [26] [27] [28] [29] [30] have also being used for the qualitative and quantitative analyses of GA and GL from G. glabra. Until now, no report on ultra sound assisted extraction and monolithic separation of GA and GL from G. glabra is available.
Ultrasound-assisted extraction (UAE) is faster in comparison with the traditional methods, due to particle disruption, which increases the contact surface area between solid and liquid. In the present study, UAE and a chromolith RP-18e (100 x 4.6 mm) LC-PDA column method was developed for the quantification of GL and GA simultaneously from the root of G glabra. System suitability and validation parameters, like calibration curve, repeatability, specificity, accuracy, limit of detection, limit of quantification and robustness were also estimated.
In order to optimize the extraction of analytes, different extraction solvents were studied using UAE. Two solvents, ethanol and methanol, with water (1:1) and without water, were used. All extractions were performed under similar conditions. LC analysis of the different solvents demonstrated that the amounts of GA and GL were higher in the ethanol/water extract. Thus for our subsequent analyses, the ethanol/water extract was taken for validation and system suitability analyses.
For chromolith PDA method development, initially an isocratic method was chosen as it is more robust and can be easily transferred to other laboratories for either routine testing or quality control purposes. However, due to a large variation in the polarity of the molecules, we did not succeed with separation. While developing the HPLC analytical method, different chromatographic conditions were tried to improve the separation of the major compounds in a suitable time with good peak resolution. In order to optimize the eluent composition, different tests were conducted by modifying the conditions of the chromolith C 18 column. The concentration of organic modifier (ACN) was tested to obtain the best resolution. The most useful way, to maintain a reasonable symmetry factor and to achieve a good selectivity, is to vary the concentration of organic modifier in the mobile phase. The best separation and resolution of peaks to allow the quantification of GA and GL present in the ethanol/water extract of G. glabra root was achieved using the parameters described in the sample preparation of the Experimental section. The retention times of GA and GL were 4.26 and 8.47 min, respectively. The selectivity of the method was determined by comparing the chromatographic profile. To check the linearity of response of the UV detector, a linear regression analysis was used of the area of the peaks versus concentration of the studied compounds. The linearity was determined from the square of the correlation coefficients of the calibration curves generated by three repeated injections of standard solutions at four concentration levels. In our method, straight lines for GA and GL with regression coefficients ≥0.9989 were obtained. The LODs (S/N = 3.3) for GA 5.34 and GL 0.14, and LOQs (S/N = 10) 16.35 and 0.46 mg L -1 , respectively are shown in Table 1 . The average recovery was in the range of 97.5-101.3%, and RSD ranged between 1.13 to 2.48% for both the analyzed compounds ( Table 2) . High correlation coefficient values indicated good linearity between peak areas (y) and investigated compound concentration (x, µg/ml) in relatively wide concentration ranges. The obtained values for both LOD and LOQ for the investigating compounds were low, indicating that the method is capable of quantifying not only the standards, but can also detect traces of GA and GL.
The overall retention time and area for the investigated components (GA and GL)were within 0.18-0.31%, and 0.66-1.61% for intra-day, and 0.15-0.33%, and 1.11-1.41% for inter-day, respectively (Table  3 ). These results indicated that the method was accurate and reproducible. All the analytes were stable for more than a week (RSD ≤ 2.0%), when stored at 4 0 C. The matrix effect data at three concentrations showed no significant effect implying that the external standard method is suitable for the quantitation of the chosen compounds.
For checking the reproducibility of the auto-sampler, pump flow and detector, the repeatability of peak area and retention times were calculated by the RSD of six injections carried out on the same day. The RSD for the retention time and peak area of both the peaks was less than 0.13% and 1.36%, respectively (Table 4 ). Within the tested range (25-30 0 C), the retention times of analytes were inversely proportional to the temperature of the column, and the resolution between the two peaks remained good and the UV responses were not significantly modified. Sufficient resolution, satisfactory peak asymmetry and very high number of USP plate counts (11814 to 99147) ( Table 5) were obtained for both compounds separated on the chromolith column. This column permitted an analytical run to be faster than that of a conventional column. The method was tried on two samples collected from different sources and extracted using different solvent composition. The quantitative results are tabulated in Table 6 .
We have developed and validated a new and precise chromolith LC-PDA method for determination and quantification of GA and GL in the possible presence of other constituents. The analyses were performed on a chromolithic column and a photodiode array detector was used. We were able to show convincingly that the time required for LC separation of the two compounds in a crude mixture could be reduced substantially from 30 min to <10 min without compromising resolution.
Both glycyrrhizic acid and glycyrrhetinic acid showed baseline resolution and shorter retention times than those generally reported in the literature using a normal LC 18 column. The method could be considered as a fast and efficient analytical tool for the quality control of G. glabra raw material and its products. 
Experimental
Plant materials: Fresh roots of G. glabra L. were collected from Choudhary Charan Singh Hissar Agriculture University (CCSHAS), Hissar, India and purchased from a local market. Samples were crushed into small pieces and air-dried for 24 h.
Ultra sound assisted extraction of glycyrrhizic acid and glycyrrhetinic acid from the root of G. glabra:
Four solvents were tested for extracting GA and GL from the root of G. glabra: (i) ethanol, (ii) methanol, (iii) ethanol: water and (iv) methanol: water. To find the optimal extraction conditions, 1g dry root of G. glabra was milled using an electric mortar, extracted after 10 min using 15 mL each of 4 different solvents under ultrasonication (Elma, Germany), at 50 0 C for 45 min at 45 MHz, twice. The extract was concentrated on a rotary-evaporator (Buchi, Switzerland) before analysis.
HPLC apparatus and chromatographic conditions:
The LC-PDA system of Waters (Milford, MA, USA), consisting of two 515 pumps, on line vacuum degasser, a 717 plus auto-sampler and a PDA 2996 detector (coupled with Empower workstation), was used for the analyses. Analytical chromatographic separations of crude dry licorice root extracts were carried out on a chromolith performance RP-18e column (100 x 4.6 mm, Merck, Germany) protected by a chromolith guard column of the same company. The column temperature was maintained at room temperature. The flow rate was optimized to 2.5 mL/min and the sample injection volume was 10 µL. The mobile phase consisted of solvent A (water and 0.05% TFA) and solvent B (acetonitrile and 0.05% TFA). Gradient elution was programmed as follows: 0-5 min, 75-60% A; 5-7 min, 60-40% A; 7-8 min, 40-0% A; 8-10 min, 0% A; 10-11 min, 0-75% A. UV absorption was monitored at 250 nm. The spectral data from the photodiode array detector was collected within 11 min over the 200-500 nm range of the absorption spectrum and the chromatograms were plotted at 250 nm. Peaks were assigned according to their retention time and by co-elution with authentic standards. UV spectra for all the standards and samples were taken under the same chromatographic conditions. Between each injection the LC system was equilibrated for at least 2 min.
Chemicals and reagents:
ACS certified HPLC-grade solvents supplied by JT Baker, India were used in the study. Pure glycyrrhizic acid (GA) and glycyrrhetinic acid (GL) were purchased from Sigma, India. Water was purified using Milli-Q-plus filter systems (Millipore, Bedford, MA, USA).
Calibration curves: Calibration curves were obtained by plotting the peak area as a function of standard concentrations. They were prepared in the concentration range from 50-800 mg L -1 for GA and 5.0-450 mg L -1 for GL.
Method development and validation:
During optimization, different compositions of mobile phase and various flow rates were tried. Mobile phase, consisting of water, acetonitrile and TFA, and a flow rate in the range of 1-4.0 mL/min were tested. A chromolith column with a mobile phase composition of water, acetonitrile and TFA (0.05%), with a gradient system, at a flow rate of 2.5 mL/min, was found to be the most suitable and was used for complete analysis. As the maximum UV absorption wavelengths of GA and GL are 251 and 248.6 nm, respectively, the detection wavelength was set at 250 nm. Chromatographic peaks were identified by comparing their retention times and UV absorption spectra with those acquired for standards analyzed under the same chromatographic conditions through library search facility using Empower software. Spiking selected samples with the standard compounds was also used for confirmation of peak identity. Linearity was determined by calculating regression plots by the least squares method. Limits of detection (LODs) and quantification (LOQs) were determined from the y-intercept standard deviation and the slope of the calibration curve. The intra-batch precision was determined after 8 and 16 h from a set of 6 replicates in a single day. The inter-batch precision was evaluated from a set of 6 replicates analyzed with the same mixture of standards on the first, third and sixth day. The repeatability was evaluated by running the analyses in a single day at a different time, involving the same instrument, laboratory, and operator, while the intermediate precision was calculated by considering a longer period of time. Sensitivity was evaluated by LOD and LOQ. The signal to noise ratio was calculated by Empower software. Robustness was checked by varying the composition of mobile phase, temperature, and flow rate according to ICH requirements [31] . The influence of the mobile phase composition was not further investigated as it had already been checked during method development. Under optimal conditions, retention times and system suitability test parameters (K prime, selectivity, resolution, USP resolution, USP tailing, symmetry factor and USP plate count) were also evaluated through software for satisfying validation requirements. Other parameters compared were analysis time and solvent consumption. 
